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Universities Summer School in Physics, 1978, edited
by L. R. Friedman and D. P. Tunstall (to be published);
N. F. Mott, M. Pepper, S. Pollitt, R. H. Wallis, and
C. J. Adkins, Proc. Roy. Soc. London, Ser. A 345, 169
(1975), and references contained therein.

’D. J. Thouless, Phys. Rev. Lett. 39, 1167 (1977).

3C. J. Adkins, Philos. Mag. 36, 1285 (1977), has put
forth arguments similar to those of Thouless (Ref. 2),
although he finds somewhat different results for the con-
ditions under which the effects of localization should be
observable.

43. C. Garland, W. J. Gully, and D. B, Tanner, Bull,
Am, Phys. Soc. 24, 280 (1979), and to be published.

5G. J. Dolan, D. D. Osheroff, and D. C. Tsui, Bull.
Am, Phys. Soc. 24, 233 (1979); G. J. Dolan and D. D.
Osheroff, preceding Letter | Phys. Rev. Lett. 43, 721
(1979)]. These workers have reported results on two
types of samples. One type was interpreted as behaving
two-dimensionally, while the other type may have ex-
hibited one-dimensional behavior. In all of our discus-
sions of the results of Dolan and Osheroff, we refer
only to the latter type of sample. The behavior of the
two-dimensional samples can be understood in terms
of the theory of P, W, Anderson, E. Abrahams, and
T. V. Ramakrishnan, second preceding Letter [Phys.
Rev. Lett. 43, 718 (1979)1.

®N. Giordano, M. D. Feuer, and D. E. Prober, to
be published.

"We define the resistivity ratio here as the ratio of the
resistance at room temperature to that at 12 K,

8By this we mean a thin-film sample whose width
(typically 1 mm) is sufficiently large that it should not
be affected by localization.

9The resistance rise we observe is slightly larger

than that reported by previous workers [L. R, Edwards,
C. W. Chen, and S. Legvold, Solid State Commun. 8,
1403 (1970)]; however, our films have much higher
resistivities than those studied by Edwards, Chen, and
Legrold and this may affect the mechanism proposed
by those workers. It is also possible that our films
are exhibiting ‘“two-dimensional’”’ localization, How-
ever, the resistance increase does not appear to scale
inversely with the sheet resistance as would be expect-
ed for this mechanism (Ref. 5).

0This result also indicates that the effect is independ-
ent of the length of the wire. Although the theory (Ref.
2) predicts that at low temperatures the resistance
will vary exponentially with the length of the wire, this
is expected to be observable only when the inelastic
mean free path is longer than the wire, and this is not

"the case in our samples.

HRecent theoretical work by Abrahams et al. [E. Abra-
hams, P, W. Anderson, D. C, Licciardello, and T. V.
Ramakrishnan, Phys. Rev. Lett, 42, 673 (1979)] pre-
dicts a logarithmic variation in the case of localization
in two dimensions. However, in one dimension this
theory appears to predict a temperature dependence
which is identical to that given by Thouless (Ref. 2).

12The current-voltage characteristics of our samples
were linear to within the experimental error at currents
down to 5x10 1 A corresponding to an electric field
strength of approximately 3x107° V/em. These limits
were set by our electronics,

BAfter this work was completed we have learned that
P. Chaudhari and H.-U. Habermeier (to be published)
have studied continuous wires made using a different
method and have obtained results somewhat similar to
ours.

Surface Magnetization of Ferromagnetic Ni(110): A Polarized Low-Energy
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The magnetic field dependence (hysteresis curve) and the temperature dependence of
the magnetization at a Ni(110) surface was measured by polarized low-energy electron
diffraction. The diffracted intensities are spin dependent by a few percent. The temper-
ature dependence of the surface magnetization measured in the range 0.5<7/7,< 0.8, is

significantly different from that of the bulk.

The magnetic moments, and even the magnetic
order at the surface of a ferromagnet, may be
different from that of the bulk.!"® This is a re-
sult of the lack of translational invariance per-
pendicular to the surface and the reduced number

of neighbors of surface atoms compared to the
bulk. The surface magnetization, its temperature
dependence, and the transition temperature at the
surface have been described by a number of the-
oretical models using mean-field theory,"? scal-
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ing theories,® and numerical techniques.* How-
ever, experimental determination of surface mag-
netization is difficult and there have been few
tests of the models by measurements on well-
characterized surfaces.”?®

In this work, we present the first measurements
of polarized low-energy electron diffraction
(PLEED) from a magnetic surface. We observe
the average magnetization of the outer few layers
of a Ni(110) single crystal, the hysteresis of this
surface magnetization, and its temperature de-
pendence, which is significantly different from
that of the bulk in the range of our measurement,
0.5<T/T,<0.8. The sensitivity of the surface
magnetization to surface contamination suggests
that the surface layers are ferromagnetically
active.

The important terms in the interaction Hamil-

tonian for polarized electrons incident on a ferro-
magnetic crystal are

Hy, =3, VE=F)+3,JE-F,)8-5;+H,.,. (1)

V(¥ -T,) is the Coulomb potential between an elec-
tron at T and an atom at ¥;. The exchange inter-
action is given by the second term, where J (¥
-T,) is the exchange potential, 3 is the spin of
the incident electron, and §; is the spin at the ith
atom. The spin-orbit interaction, H,.,, can be
minimized by choosing the incident spin polariza-
tion to lie in the scattering plane.

If the thermal average elastic PLEED intensity
is expressed in the first Born approximation,® '
we can write S(K), the scattered intensity for &
parallel to $; minus that for § antiparallel to §;,
normalized to the sum of the two intensities, as

_ E{j[vi(ﬁ)‘jj* (_K)<512> + V,'*(K )J,-(KXS;z)] eXpBiL (2)

SE)

where B, = -iK- F -T,) - K- @ -8))*, V&)
and J(K) are Fourier transforms of the Coulomb
and exchange potentials, K is the momentum
transfer k' -k, {; is the instantaneous displace-
ment of the ith atom from its equilibrium posi-
tion T;, (S;°S,;*) is the spin-spin correlation func-
tion between atoms ¢ and j, and Z is in the direc-
tion of the magnetization M. The exponential fac-
tor contains the familiar interference function
due to the phase difference for scattering from
different atoms and the Debye-Waller factor. The
numerator, which is the interference between the
Coulomb and exchange scattering, contains the
magnetization per atom, M,*=- guy(S;*). The
magnetization is averaged over the top few layers
in our experiment since the electron mean free
path'' is 5 A at 125 eV; the electron has a 1/e
chance of scattering without energy loss as it
penetrates and returns through two atomic lay-
ers. (S remains proportional to an average mag-
netization in the presence of multiple scattering
although the weighting of the average may be dif-
ferent. A dynamical LEED calculation can in
principle yield the layer-by-layer magnetization.)

Under the approximation that V;, J;, and S; are
the same for each atom, the exponential factor in
Eq. (2) cancels exactly in the kinematic approxi-
mation. Then S(K) can be expressed in the ap-
pealingly simple form derived by Saldafia and
Helman,®

SEK) = - J®)M*(T)/gps V&), (3)

32V, )V K) + (3); K FK)S,ASF) ] expBy;

where the small term in the denominator of Eq.
(2) which is of order |J]|?<«<|V|? has been omitted
in Eq. (3). It is interesting to note, however,
that it is this small |J|? term proportional to the
spin-spin correlation function that caused the
fractional-order exchange scattering observed in
the spin-averaged LEED measurements on anti-
ferromagnetic NiO by Palmberg, DeWames, and
Vredevoe.™

The PLEED measurements were performed on
a thin Ni(110) crystal (0.3% 5% 10 mm?®) suspended
by Ta rods so that it closed the magnetic circuit
of a small c-shaped electromagnet, as shown in
Fig. 1. The [111] direction of the surface, which
is an easy magnetization direction, was chosen
to be the magnetization axis and was oriented to
lie in the scattering plane determined by the elec-
tron beam. The magneto-optic Kerr effect was
used to determine the domain structure of the Ni
crystal. Hysteresis curves indicated that the cen-
tral region of the crystal consisted of a single
magnetic domain (along the [111] direction) that
could be reversed by reversing the applied field
(~+20 Oe). After repeated Ar*-ion bombardment
and annealing cycles, the crystal was well or-
dered and clean as determined by LEED and
Auger analyses using a cylindrical mirror ana-
lyzer.

S is determined experimentally using a beam of
spin-polarized electrons,'*® in which the polar-
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FIG. 1. The electron beam at an angle of incidence
Yy is diffracted from the Ni(110) crystal into the Fara-
day cup (@). Tarods (b) support the crystal which closes
the magnetic circuit of the miniature electromagnet
(c). The incident-electron spin polarization and the
crystal magnetization lie in the scattering plane.

ization in the Z direction can be modulated be-
tween + P,. We measure the normalized differ-
ence S in the scattered intensity I, where

1 1P)-I(-Py)
SE. 0 = [p T 1Py +1(-=Py)" @)
Positive P, corresponds to § parallel to S;. Meas-
ured in this way, S is independent of the magni-
tude'® of P, and in general depends on the incident
electron energy E and scattering angle 6.

Two types of experimental tests were performed
to confirm magnetic scattering. One test was to
measure a hysteresis curve and the other was to
measure the temperature dependence of S. The
results of these tests are presented in Figs. 2

T
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FIG. 2. A hysteresis curve, S(H), at E= 125 eV and
9,=12°. The raw data points, which are connected by
straight lines, were obtained between the S(T) meas-
urements (x and +) of Fig. 3.
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FIG. 3. The temperature dependence, S(7), at E
=125 eV and 9= 12° is shown in the range 0.5<7/
Tc<0.8. There is less curvature than in the bulk mag-
netization in this temperature range because of the
surface sensitivity. The different points denote three
different cooling curves for each applied field direction.
The applied fields were (squares) 18 Qe, (pluses) 21
Oe, (crosses) 26 Oe. The estimated uncertanity is
indicated by error bars at representative points. The
straight lines represent a linear dependence of the
magnetization to T (see text).

and 3. The measurements presented here were
made at an intensity maximum of the specularly
reflected (00) beam at an angle of incidence 9,
=12° and energy of 125 eV.

In Fig. 2 we show S(H), the dependence on S on
applied magnetic field.'® As defined in Egs. (2)-
(4), the sign of S depends upon that of J(K)/V(K),
but is independent of the applied field direction.
A positive S means that parallel spins scatter
more strongly than antiparallel spins at that dif-
fraction condition. In order to measure a hyster-
esis curve, we must establish a preferred direc-
tion in the laboratory, for example, to distinguish
between +H and —H; consequently, the negative
value of S in Figs. 2 and 3 denotes the reversal
of the magnetization in the laboratory frame. [A
negative value of S, from Egs. (2)-(4), gives a
hysteresis curve reflected about the vertical ax-
is.]

The coercive force (H at S=0) and the residual
magnetization (S at H=0) depended on the thermal
and magnetic history, and the crystal cleanliness.
Measurements of S(H) at different angles, ener-
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gies, and maximum fields show no evidence of a
depolarization of the incident beam due to pre-
cession of the polarization about a stray magnetic
field. The behavior of S(H) was extremely sensi-
tive to sulfur contamination. At a sulfur (152 eV)
to nickel (102 eV) Auger peak height ratio'” ~0.3,
a hysteresis curve as in Fig. 2 could be obtained
on the first cycling of H after cooling from above
the Curie temperature, T¢, while at a sulfur
level ten times higher the magnetization was
greatly reduced. This suggests that the clean
surface layer is ferromagnetically active as can
be tested by future adsorbate studies.

We also found at 9,=12° and E =20 eV (just
above the first Bragg peak) that S becomes nega-
tive and increases in magnitude to — 0.04. This
corresponds to a momentum transfer of 4.2 At
for a single scattering event. Saldafha and Hel-
man’* used band-structure potentials in Eq. (3)
to estimate S(K) for Ni and predicted a negative
S in this region.

As a second demonstration of magnetic scat-
tering, the temperature dependence of S is shown
in Fig. 3. In a typical run, the crystal was Joule
heated to 580°C (~1.35T:). The heater was then
turned off and S(T') was measured in an applied
field H of 18, 21, of 26 Oe. The procedure was
repeated with the applied field in the opposite di-
rection to determine the true zero of S independ-
ent of any spurious offset. The temperature was
measured indirectly by a thermocouple on a Ta
support rod. [In an independent measurement
under identical cooling conditions, the tempera-
ture at the crystal surface was measured with an
infrared pyrometer thereby calibrating the ther-
mocouple to the surface temperature within
+10°C.]

The observed temperature dependence further
demonstrates that the PLEED experiment is sen-
sitive to the surface magnetization. In contrast
to the large curvature of the bulk magnetization,
S has a temperature dependence that, within ex-
perimental uncertainty, is approximately linear
over the temperature range 0.5< 7/7-< 0.8. Note
that the data in Fig. 3 are not inconsistent with a
linear extrapolation to zero at T¢ (as suggested by
the straight lines). Calculations®* indicate that
the temperature dependence is expected to be dif-
ferent from that in the bulk and that a linear de-
pendence is possible for the outer layer if J in
that layer is less than that of the bulk. Future
measurements will extend to 7¢ and to lower
temperatures, where S can be normalized to the
saturation magnetization.

In summary, we observe for the first time the
surface magnetization of a ferromagnet using
PLEED. We have measured surface hysteresis
curves and the temperature dependence of the
surface magnetization. The implication of these
results is that PLEED may be used to probe sur-
face magnetic properties in much the same way
as neutron scattering has been used to study bulk
magnetic properties,

We acknowledge the help of K. Miyano in the
measurement of the Kerr effect, of R. Friddle
in the preparation of the sample and the magnetic
circuit, and of J. Whittaker in the refinement of
the electronics. We also thank T.-M. Lu, D. R.
Penn, and M. B. Brodsky for enlightening discus-
sions. The work was supported in part by the
U. S. Department of Energy, and in part by the
U. S. Office of Naval Research.
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